Far-red emitting phosphors LaScO 3 :Mn 4+ were successfully synthesized via a high-temperature solid-state reaction method. The X-ray powder diffraction confirmed that the pure-phase phosphors illustrated their potential application in plant lighting to control or regulate plant growth.
Introduction
Nowadays, to meet the continuous increasing needs of people, the greenhouse industry has been developed. In the agriculture eld, when it comes to conditions for plant growth, moderate sunlight, air, and moderate moisture are usually mentioned as the basic conditions. [1] [2] [3] [4] The blue (z400-500 nm), red (z600-690 nm) and far red (z700-740 nm) light in sunlight can affect the growth process of natural plants, such as phototropic processes and photomorphogenesis. [5] [6] [7] There exist two kinds of phytochrome, P R and P FR , and P R is the biologically inactive state, whereas P FR is the biologically active state. 4, 8 These two phytochromes can be converted into each other by absorbing different wavelengths of light, in which the P R was sensitive to red light and can turn into P FR by absorbing light with wavelength peaking at around 660 nm, whereas P FR should absorb far red light peaking at around 730 nm to switch to P R . 9, 10 It is known that in order to blossom, short-day plants need to stay in the dark for a longer time than long-day plants. [11] [12] [13] So plant growth progress can be controlled by changing the spectral composition in articial light.
The proportion of red light in the natural sunlight is higher than far red light. 9 Meanwhile, with the development of science and technology in the world, the far red light become even less due to the night lighting, which means the far-red light is insufficient for plant cultivation and even inuence the entire life style of the plant. 4 Thus, nding articial light to meet the requirement of plant growth is urgent, especially in the greenhouse industry. In the past, the light emitted by traditional gasdischarge lamps cannot match well with the absorption spectrum of phytochrome, especially the P FR . But the solid state light-emitting diodes (LEDs) device with long lifetime and low power consumption, [14] [15] [16] [17] [18] [19] [20] [21] which can exhibit various colors by coating different phosphors onto the blue/near-ultraviolet LED chip, [22] [23] [24] [25] [26] [27] [28] [29] [30] can make up for this drawback. That means the light from the specic LEDs can match well with the absorption spectrum of phytochrome. Many research efforts have already been conducted to develop the red phosphors, such as K 2 -NaAlF 6 Fig. 3(a) ) with the CIE chromaticity coordinates of (0.7324, 0.2676) (see Fig. 3(b) ). Fig. 3(c) shows the absorption spectra of P R and P FR as well as the emission spectrum of the LaScO 3 :0.001Mn 4+ phosphor.
Obviously, the PL spectrum of the LaScO 3 :0.001Mn 4+ phosphor was located within the absorption spectrum of the P FR . Importantly, the dominant emission peak of spectra were shown in Fig. 3(d 48 indicating that the luminescence concentration quenching derived from the electric multipole interaction.
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To determine whether the electric multipole interaction was electric dipole-dipole (d-d), or dipole-quadrupole (d-q), or quadrupole-quadrupole (q-q) interactions, the following equation could be used to get the exact form:
where I represents the PL intensity; b and k are constants for a given host lattice; q ¼ 6, 8 and 10 stands for electric d-d, d-q, and q-q interactions, respectively; x is the dopant content of Mn 4+ ions in LaScO 3 host. The relationship between log(I/x) and log(x) was plotted in Fig. 3 (e) and the slop of the tting result was found to be À1.71990 (¼Àq/3), revealing that the value of q was about 5.16. Thus, the luminescence concentration quenching mechanism of Mn 4+ ions in LaScO 3 host was electric View Article Online Fig. 3(f) 
Based on the PLE spectrum of the 
in which the x can be calculated by:
From the PL spectrum of the 
According to the eqn (4)- (7), the crystal eld parameters Dq, B, and C were 1842, 701, and 3006 cm À1 , respectively. ions in specic host could be affected by the nephelauxetic effect. 67 The nephelauxetic effect can be described as the parameter b 1 , which was established by Brik et al. 63 And the value of b 1 can be calculated by the following expression: cating the data were acceptable. The detailed data of these phosphors, which used in Fig. 4 (a), were listed in Table 3 . It can be seen clearly from Table 3 and Fig. 4(a) 
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